For accurate inventory estimation of long-lived fission products in LWR spent nuclear fuels, a new burn-up chain model was developed, and the latest nuclear data were employed for neutron cross sections, fission yields, half-lives, and so on. Most of them are taken from JENDL-4.0. MVP-BURN with the latest nuclear data was applied to four destructive assay data of spent nuclear fuels including inventory measurements of 79 Se, 99 Tc, 126 Sn and 135 Cs. One of them is new measurement data obtained by JAEA. From the analyses of isotopic composition, it is found that the new data by JAEA are consistent with the other assay data obtained by different laboratory with different techniques. It is also confirmed that the present calculation results show good agreements with experimental ones for 79 Se and 135 Cs within about 10%. In contrast, amounts of 99 Tc and 126 Sn are overestimated by up to about 50%. These discrepancies are likely due to the effect of insoluble residue produced during sample dissolution and / or errors of fission yields in the analyses. Carlo burn-up calculation, assay data of spent nuclear fuel, post irradiation examination  analyses, JENDL-4.0, LWR spent nuclear fuel composition, long-lived fission products, 79 Se, 99 Tc, 126 Sn, 135 Cs
I. Introduction 1
The accurate inventory estimation of long-lived fission products (LLFPs) is important for the quality management of high-level radioactive vitrified wastes and for long-term safety assessment of a geological disposal of the vitrified wastes. With the support of Japanese electric power companies, Japan Atomic Energy Agency (JAEA) started the study to develop an accurate inventory estimation method for LLFPs, such as 79 Se, 99 Tc, 126 Sn, and 135 Cs in the high-level radioactive waste (HLW) from Japanese reprocessing plant. 1) These nuclides have difficulties in radiochemical analyses compared with other fission products or actinides. Therefore, available assay data of spent nuclear fuels are limited and nuclear data, such as neutron-induced cross sections, fission yields, or decay half-lives are not always known exactly for these LLFPs.
As the first step of the inventory estimation study, a post irradiation examination (PIE) was newly carried out for the well-characterized UO 2 fuel irradiated in a Japanese PWR (Ohi-1). In the examination, concentrations of 79 Se, 99 Tc, 126 Sn and 135 Cs were measured for the first time in Japan. 2, 3) In order to confirm the validity of the measurement data, a PIE analysis was carried out with a burn-up calculation code MVP-BURN 4) based on the continuous-energy Monte Carlo method and the latest nuclear data from JENDL-4.0 5) *Corresponding author, E-mail: okumura.keisuke@jaea.go.jp and so on. In addition, PIE analyses were also performed for old but precious data including measurements of 79 Se, 99 Tc, 126 Sn and 135 Cs. The old data was obtained by Pacific Northwest Laboratory (PNL) for six, nine and four UO 2 fuel samples irradiated in Cooper (BWR), Calvert-Cliffs-1 (PWR) and H. B. Robinson-2 (PWR), respectively. 6, 7) The experimental data are well summarized in the "Spent Fuel Isotopic Composition Database (SFCOMPO)" 8) developed by JAEA and published on the web site of OECD/NEA.
In the present study, we show the results of PIE analyses for LLFPs of Ohi-1, Cooper, Calvert-Cliffs-1 and H. B. Robinson-2 with the up-to-date data and method, and discuss the reliability of the measured and calculated data by comparison of burn-up behaviors of each nuclide.
II. Data and Method
MVP-BURN is a burn-up calculation code by combination of a continuous-energy Monte Carlo code MVP 9) and an isotope generation and depletion calculation module based on the method of the DCHAIN code. 10) Figure 1 shows the burn-up chain model developed for the present study. It can treat many fission products which are important not only for evaluation of neutronic characteristics but also for safety assessment of radioactive wastes.
In addition to the point-wise neutron cross sections, fission yields and isomeric ratios are taken from JENDL-4.0, which was released on May 2010.
Half-lives of decay nuclides are taken from the recent "Evaluated Nuclear Structure Data File (ENSDF, revised as of Oct. 2008)" 11) except for 79 Se and 126 Sn. For these nuclides, the most recent possible half-lives are employed; they are (3.77±0.19) ×10 5 y 12) and (1.98±0.06) ×10 5 y, 13) respectively.
As for a geometrical modeling, an infinite lattice of two-dimensional square unit pin cell was employed through the present study. However, the water density was adjusted to reproduce ratio of hydrogen-to-uranium atomic numbers (H/U) at the axial position of each sample fuel in the fuel assembly.
The new burn-up chain model and nuclear data were first validated by application to the PIE analysis of a sample fuel (SF97-4) 8, 14) discharged from a Japanese PWR (Takahama-3). 15) Here, we show, in Fig. 2 , a summary of calculated to experimental values (C/E) for concentrations of major nuclides, because the target LLFPs are not included in this examination. Error bars in the figure are experimental uncertainties (2) where error propagation due to cooling time correction is considered. We can see that MVP-BURN with the latest nuclear data gives very good agreement for the spent nuclear fuel composition (in unit of kg/MTU a ) of UO 2 within about 10% except for 246 Cm (~20%).
III. Assay Data of Spent Nuclear Fuels for Long-Lived Fission Products

Ohi-1
The 3.2 wt.% enriched UO 2 fuel was irradiated up to 44.9 GWd/t in a 17×17 type 4-loop commercial PWR (Ohi-1). Irradiation history of the fuel is reported in Reference 2. A sample fragment of the UO 2 fuel was cut out at the distance of 1,790 mm from the lower distal part of the fuel rod. It was dissolved with 4 M nitric acid in a hot cell. The resultant solution was filtered to remove insoluble residue. After Se, Tc, Sn, and Cs were chemically separated, the concentrations of 79 Se, 99 Tc, 126 Sn and 135 Cs (cooling time: 20.4 year) were determined with an inductively coupled plasma quadrupole mass spectrometer (ICP-QMS). 2, 3) The ICP-QMS is suitable for the measurement of isotopic composition with enough accuracy compared with our target accuracy (less than 30%).
Cooper, Calvert Cliffs-1 and H. B. Robinson-2
As shown in Table 1 , radiochemical measurements were made by PNL for six samples from the Cooper reactor (7×7 a initial Metric Tons of Uranium 6) The experimental value and the calculated one show a very good agreement for the PIE of Ohi-1 (JAEA-PIE) at 44.9 GWd/t. The calculated values for PIEs in PNL (PNL-PIEs) have the same burn-up dependency, and the dependency is consistent with the results of JAEA-PIE. On the other hand, the experimental values in PNL-PIEs do not correspond with the above burn-up dependency. Consequently there are large discrepancies between the experimental values and calculated ones for PNL-PIEs; the averaged C/E value is 5.5.
From the original reports 6) on PNL-PIEs, it was found that the large discrepancies are due to inaccurate half-life of 79 Se. As shown in Fig. 4 , half-life of 79 Se has been unclear during the last two decades.
In the PNL-PIEs, concentration of 79 Se was measured by liquid scintillation counter after chemical separation. Therefore, the experimental value is originally reported in the unit of Bq/MTU. After that, it was converted to the reevaluated experimental value in kg/MTU, for the compilation of SFCOMPO, using a half-life value smaller than the latest one. Since all burn-up calculations are performed using atomic number densities, accurate half-lives are necessary to compare with the experimental values of PNL-PIEs. On the other hand, half-lives are not necessary for the experimental values of JAEA-PIE, because the concentrations of LLFPs were directly measured by ICP-QMS.
In Fig. 5 , the experimental values of 79 Se for PNL-PIEs are modified; the measured values in PNL-PIEs are converted with the latest half-life of 79 Se obtained by Bienvenu et al. (2007) . As a result, the averaged C/E for 15 samples in PNL-PIEs is 0.92±0.15 (2), which is quite consistent with the C/E value (1.07±0.29) obtained from JAEA-PIE.
126 Sn
In PNL-PIEs, 126 Sn (radioactively balanced 126 Sb) was measured by Ge(Li) gamma spectrometry. As shown in Sn is almost consistent with those of PNL-PIEs.
99 Tc
In PNL-PIEs, 99 Tc was measured by -counting after chemical separation. However, half-life of 99 Tc has not been drastically changed like 79 Se and 126 Sn. The difference of half-lives between the value used in SFCOMPO and the latest one employed in MVP-BURN is less than 3%.
The modified experimental values for 99 Tc are shown in Fig. 9 together with the calculated ones. The C/E values for PNL-PIEs including H. B. Robinson-2 are about 1.1 except for 3 samples cut out from the same fuel rods (BT03), whose C/E values are around 1.5. The C/E value for Ohi-1 is also 1.5, which is beyond the experimental error (2). This spread of the C/E values could not be explained by a case study where various burn-up conditions (e.g. water density, power history, etc.) were changed in the range of possibilities. In addition, the relative errors of cumulative fission yields of 99 Tc are less than 3% (2) for 235 U and 239 Pu in JENDL-4.0. Thus, it is supposed that the spread is mainly due to the missing of 99 Tc into the insoluble residue. This means that accurate prediction of 99 Tc is difficult until the amount of 99 Tc in the insoluble residue is determined. However, as seen in Fig. 9 , upper limit of E-values depending on burn-up can be well estimated by the present calculation. Figure 10 shows the experimental and calculated values of 135 Cs. The experimental values of PNL-PIEs are taken from SFCOMPO. In contrast, in Fig. 11 , the experimental values of PNL-PIEs are modified with the half-life (2.30×10 6 year) employed in MVP-BURN.
135 Cs
In Fig. 11 , the averaged C/E value for the 15 samples of PNL-PIEs is 1.00 ± 0.09 (2), and the C/E value for JAEA-PIE is 1.06±0.09. Thus, it was confirmed that the prediction accuracy of MVP-BURN and the latest nuclear data is quite good for 135 Cs, and the measurement data by JAEA is well consistent with those obtained from PIEs by PNL.
Other Fission Products
The averaged C/E values for 90 Sr and 137 Cs are summarized in Table 2 . For both nuclides, MVP-BURN can predict their concentrations within 10%. Although these nuclides are not LLFPs, the C/E vales close to unity indicate the reliability of the assay data employed in this study. The chain model and the latest nuclear data were applied to four post irradiation examinations including measurements of above four LLFPs; a new PIE (Ohi-1) by JAEA and three PIEs (Cooper, Calvert Cliffs-1 and H. B. Robinson-2) by PNL.
V. Conclusion
From these PIE analyses, it has been confirmed that the assay data by JAEA is consistent with the assay data for 15 (19 for 99 Tc) samples obtained by PNL with the different technique from JAEA's. It also has been confirmed that the present data and method can predict inventories (kg/MTU) of 79 Se and 135 Cs in UO 2 spent nuclear fuels within about 10%. In contrast, overestimations were observed for 99 Tc and 126 Sn, by up to about 50%. Possible reasons of the overestimations are the effect of insoluble residue produced during sample dissolution and / or errors of fission yields in the analyses. In either reason, upper limit of 99 Tc and 126 Sn can be estimated by the present data and method for burn-up calculations. 
